Abstract Cardiovascular (CV) disease is the leading cause of morbidity and mortality in chronic kidney disease (CKD) patients. Although about half of the deaths are due to CV causes, only a minority are directly linked to myocardial infarction and it is estimated that cardiac arrest or cardiac arrhythmias account for about a quarter of all deaths registered in dialysis patients. Thus, simple non-invasive tools such as electrocardiogram (ECG) may detect those patients at increased risk for arrhythmias. The QT interval on the standard 12-lead ECG is the time from ventricular depolarization (Q wave onset) to cardiac repolarization completion (end of the T wave) and represents a marker of cardiac repolarization defects. Numerous studies suggest a direct association between QT abnormalities and poor prognosis in the general population, CKD patients and dialysis patients. Of note, multivariable adjustments for different traditional and CKD-specific risk factors for CV events attenuate but do not cancel these associations. We herein review the clinical significance of simple non-invasive tools such as the QT tract on ECG for detecting those patients at increased risk of CV event and possibly for treatment individualization.
Introduction
Cardiovascular diseases (CVD), including ventricular arrhythmias and sudden cardiac death, are the leading causes of morbidity and mortality among subjects with chronic kidney disease (CKD) accounting for about half of the deaths [1, 2] . Although atherosclerosis is accelerated in CKD, only a minority of cardiovascular (CV) deaths are due to ischaemic heart disease, whereas the incidence of cardiac arrhythmias and sudden death (SD) is significantly increased when compared with the general population [1, 2] . Several traditional and dialysis-specific factors have been studied to explain this extraordinary CV vulnerability to SD. Cardiac arrhythmias may be triggered by electrolyte imbalances, especially in the hearts of CKD patients who are susceptible to atherosclerosis, myocardiocytic fibrosis, calcification and myocardial ischaemia [3] .
Simple, non-invasive biomarkers of CVD such as QT tract prolongation on a standard 12-lead electrocardiogram (ECG) have been associated with subclinical atherosclerosis as well as structural and electrophysiological changes that may predispose to cardiac arrhythmias [4] . We herein summarize the clinical significance and usefulness of QT tract abnormality detection in CKD patients receiving and not receiving dialysis.
Corrected QT interval and QT interval dispersion: definition
The QT interval on the standard 12-lead ECG represents the time from ventricular depolarization (Q wave onset) to cardiac repolarization completion (end of the T wave). The QT interval is conventionally assessed at a paper speed and gain of 25 mm/s and 10 mm/mV, respectively. Two different approaches for QT interval assessment are available: the threshold method which defines the end of the T wave as the intersection of the terminal limb of the T wave with the isoelectric baseline and the tangent method which defines the end of the T wave as the intersection of a line drawn from the peak of the T wave to the steepest point of the descending limb of the T wave (tangent) and the isoelectric baseline [5] . However, data suggest that all reported methods for QT assessment are comparable with QT assessed via the tangent method shorter by up to 10 ms [5] .
Since the QT interval depends on the heart rate, several methods are available to yield a corrected measure (QTc: corrected QT). The most commonly used and generally adopted in automatic or semiautomatic electrocardiographs is the Bazzett formula [6] . According to this formula, QTc is the ratio of the QT interval and the square root of the RR interval (Figure 1) , which represents the cardiac cycle duration: QTc = QT/(RR) 1/2 . Although this formula is the most commonly used, it tends to overand under-adjust at high and low heart rates, respectively. Thus, other methods to account for the heart rate have been developed. Fridericia [7] , for instance, proposed to adjust the QT interval for the cubic root of the RR interval: QTc = QT/(RR) 1/3 . Nevertheless, it is now widely accepted that linear regression represents the most accurate way to account for the heart rate. Accordingly, as proposed by Sagie et al. [8] , QTc = QT + 0.154 (1 − RR). Regardless of the equation used, a normal corrected QT should vary between 300 and 440 ms (450 ms for women). A simple practical rule suggests that a normal QTc should be less than half of the RR interval.
QT dispersion (QTd) is defined as the difference between the longest and the shortest QT interval measured on a standard 12-lead ECG. Numerous studies documented that a QTd interval shorter than 30 ms, between 30 and 60 ms and longer than 60 ms is associated with low-, intermediate-and high-risk of cardiac arrhythmias, respectively [9] [10] [11] .
Risk factors for cardiac depolarization disorders in the general population and CKD patients
Several genetic or environmental factors may result in a prolonged QT interval (Table 1) . Genetic defects of the myocardial sodium and potassium channels may be responsible for the intrinsic cardiac repolarization disorders that characterize the congenital long-QT syndrome [12] . Numerous drugs (e.g., antiarrhythmic, antihistaminic, psychotropic and antibiotic medications) and electrolyte disturbances (e.g., hypocalcaemia, hypokalaemia and hypomagnesaemia) may prolong the QT interval. Of note, in the absence of other abnormalities of the cardiac repolarization, this prolongation may be reversed with the discontinuation of any of the environmental factors [12] (Table 1) .
Traditional CV risk factors and various medical conditions such as central nervous system injury, as well as pre-existing CV heart diseases, have also been associated with QT tract abnormalities. Indeed, the QT tract may be prolonged in patients with elevated blood pressure, chronic heart failure, mitral valve prolapse and ischaemic heart disease [4, 13] (Table 1) .
A recent study shows a robust association between the QT interval and the non-traditional CV risk factors such as mineral metabolism abnormalities [14] . In a pooled analysis of 7312 men and women from NHANES III and 14 825 men and women from the ARIC study, the QT tract was directly and indirectly associated with serum phosphorus and calcium levels, respectively [14] .
The transmembrane electrolyte shifts that occur during each haemodialysis (HD) session may explain the association between dialysis and QT interval abnormalities. Indeed, different ionic countercurrents such as calcium (Ca) and potassium (K) currents control the different phases of the ventricular depolarization and repolarization [15] . A reduction in both K and Ca levels in the plasma induces a significant prolongation of the duration of the action potential and, thus, of the QT interval on ECG [15] . At each dialysis session, both K and Ca undergo a rapid shift. While potassium tends to increase during the inter-dialytic time, it is usually rapidly lowered during each dialysis session. Contrarily, the calcium concentration is normally increased at the end of dialysis. The degree and the speed of these shifts depend on the concentration gradient between the plasma and the dialysis bath of these solutes as well as the convection/diffusion rate and they may trigger ventricular depolarization/repolarization abnormalities [16, 17] . Overall, it seems that the greater the potassium, calcium and bicarbonate gradient between blood and dialysate, the longer is the QT prolongation at dialysis session completion [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Other factors may impact the QT tract in CKD patients. In a previous study [28] , we showed a strong and independent association between coronary artery calcification (CAC) detected via cardiac computed tomography (CT) and QT interval in a small cohort of 32 patients on maintenance dialysis (age: 69 ± 16 years, time on dialysis 32 ± 27 months) and 12 patients with CKD 4 (age 66 ± 17 years, uraemia duration 38 ± 16 months) [28] . In spite of an overall good mineral control in the study cohort (serum phosphate levels: 3.6 ± 1.3 mg/dL and 4.3 ± 1.6 mg/dL; CaXP product: 46 ± 17 and 49 ± 16 mg 2 /dL 2 , in CKD 4 and HD patients, respectively), a CAC score of ≥400 was highly prevalent in both the groups. When the study cohort was stratified according to the presence of CAC score >400, we found that patients with an increased CAC had on average a significant 11% longer corrected QTd (P < 0.0001). Indeed, QTd showed a linear correlation with CAC scores in both CKD 4 (r = 0.91, P < 0.0001) and HD patients (r = 0.899, P < 0.0001) [28] . These data suggest that cardiac calcification is potentially linked to dysrhythmias in end-stage renal disease (ESRD) [28] .
We further tested this hypothesis in a subsequent observational, prospective study of 132 incident HD patients [29] . At uni-and multivariable analyses, CAC progression was associated with a significant increase in both QTd and pulse wave velocity (PWV). Every 20 unit increase in the CAC score corresponded to a significant 23% (95% CI 1.12-1.27; P < 0.001) and 32% (95% CI 1.09-1.37; 
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B. Di Iorio and A. Bellasi P < 0.01) increased risk of experiencing a 1 m/s increase in PWV and 1 ms in QTd, respectively [29] . Notably, QT and other markers of cardiovascular disease (CVD) deterioration were associated with the use of calciumcontaining phosphate binders [29] . Recently, Claes et al. [30] confirmed the link between vascular calcification and QT tract abnormalities in 193 patients (118 men, 52 years old) with CKD stage 5D. A prolonged corrected QT interval was detected in 26% of the study cohort and was directly associated with the extent of aortic calcifications (P = 0.0004) independent of age, gender, CVD history, electrolytes and parameters of mineral metabolism [30] .
Though the mechanisms underlying the positive association between QT duration and arterial calcification remain largely unknown, we designed a prospective randomized controlled trial to test in a large cohort of incident dialysis patients whether attenuation of vascular calcification progression also reduces QT tract prolongation and mortality (INDEPENDENT study; registered on ClinicalTrials.Gov, NCT00710788) [31] .
Epidemiology of cardiac depolarization disorders in the general population and CKD patients QT interval prolongation (QTc interval ≥440 ms) represents a common ECG finding both among subjects from the general population and CKD patients.
In a recent systemic review of the medical literature, among the 36 031 individuals from the general population included in the studies considered, a total of 2677 (8.7%) subjects had a QTc interval longer than 440 ms [12] .
Data from the CV Health Study (CHS) suggest that subjects with CKD not yet receiving dialysis also exhibit longer corrected QT intervals compared with peers without CKD (estimated glomerular filtration rate, eGFR, >60 mL/ min1.73 m 2 ) [32] . In this large community-based study of 3238 adults older than 65 years and free from CVD, the unadjusted QT prolongation index [QTI: represents the percentile prolongation of the QT interval with respect to the median value of a large North American sample: QTI % = QT/656 × (heart rate + 100)] was significantly longer among participants with CKD compared with the remainder of the study cohort [32] . However, these differences were explained by the different prevalence of traditional CV risk factors as well as CV medication use [32] .
In 1999, two independent research groups [33, 34] reported on a significant QT tract prolongation and dispersion in 34 and 50 patients on maintenance dialysis. Morris et al. [33] showed that QTd was significantly higher in HD patients (63.1±20.6 ms) compared with controls (36.0 ±13.7 ms; P < 0.001) and rose after HD to levels comparable with those seen in patients with coronary artery disease. Lorincz et al. [34] confirmed the impact of HD on the QT interval reporting on a significant increase of QTc (from 482 ±42 to 519 ±33 ms; P < 0.01) and QTd (from 62 ±18 to 95 ±17 ms; P < 0.001) after dialysis [34] . A few other studies that have investigated the impact of dialysis on the QT interval yielded similar results [3, 4, [35] [36] [37] . Some studies concluded that dialysis is associated with QTd prolongation [4, 35] , others have demonstrated an association between dialysis and QTc prolongation but not QTd [36, 37] and finally one study documented that both QTc and QTd are both increased after dialysis [3] .
Cardiac depolarization disorders and outcomes in the general population and CKD patients
Considering that QT represents a measure of the cardiac repolarization time, an abnormally prolonged QT interval reflects a cardiac repolarization defect and hence a greater vulnerability to left ventricular arrhythmias (i.e. torsade de pointes and ventricular fibrillation) and sudden cardiac death [9] [10] [11] [12] .
Numerous epidemiological studies investigated the association between QT tract and CV outcomes in the general population. While the majority of these studies suggest that QT may serve as a predictor of CV events and sudden cardiac death, a few studies failed to demonstrate that a prolonged QT tract portends a poor prognosis (Table 2) .
However, the great heterogeneity among study cohorts and designs, the different historical period in which the studies were carried out and the potential for residual confounding may account for the reported inconsistencies in different subgroups of individuals from the general population (Table 2 ). Overall, it seems that a prolonged QTc (i.e. >440 ms) or Qtcd (>70 ms) interval is strongly associated with the risk of all-cause mortality, all cause of CV death and SD. Though a tight association with traditional CV risk factors and coexisting CVD is almost always reported, these electrocardiographic abnormalities may identify those individuals at higher risk for any CV event. Further studies should elaborate on the impact of gender, age and underlying medical conditions on QT tract prolongation (Table 2) . Indeed, it seems that the prognostic significance of QT is attenuated in women, elderly and among subjects with a known CV condition.
CVD is accelerated in CKD patients and accounts for much of the observed mortality in this population. Although about half of the deaths are due to CV causes, only a minority are directly linked to myocardial infarction and it is estimated that cardiac arrest or cardiac arrhythmias accounts for about a quarter of all deaths registered in dialysis patients [38] .
As reported in the general population, QT tract abnormalities portend a poor prognosis in chronic kidney disease (CKD) and dialysis patients. Data from the CHS [32] showed that among the 3238 participants with and without CKD, each 5% increase in the QT interval was associated with a significant 42% (95% CI 1.23-1.65), 22% (95% CI 1.07-1.40) and 10% (95% CI 0.98-1.22) greater risk of heart rate failure, coronary artery disease and mortality, respectively [32] . Though no significant interactions were detected, these associations seemed to be stronger for participants with CKD versus without CKD (defined as eGFR < 60 mL/min).
In a retrospective study of 280 patients on maintenance dialysis evaluated for kidney transplantation, Hage et al. [39] reported on independent and additive prognostic information gained from the QTc evaluation. A prolonged QTc (>460 ms) was described in 47% of the study cohort and was associated with the risk of death independently of age, gender, diabetes mellitus, myocardial infarction, presence and severity of coronary artery disease on angiography, LVH and left ventricular ejection fraction (LVEF) [39] .
Finally, a study by Beaubien et al. [40] showed that a prolonged QTd (>74 ms) predicted the risk of serious ventricular arrhythmias or sudden cardiac death (SD) in a retrospective cohort of adult ESRD patients starting peritoneal dialysis or HD [40] . Middle-aged men: rate ratios for coronary heart death and SD were more than double in the intermediate QTc (385-420 ms) and more than triple in the long-QTc (>420 ms) categories. In the elderly, a similar association was documented for the long (>440 ms) but not for the intermediate QTc. Age-adjusted rate ratios for myocardial infarction incidence and coronary artery disease mortality were 2.8 and 5.0, respectively. Adjustment for age, systolic blood pressure, body mass index, total serum cholesterol and smoking only slightly lowered the observed rate ratios.
de Bruyne et al. [43] 2358 men and 3454 women Age: >55 years (mean 63.9 ± 9 years) 3-6.5 years (mean 4 years) follow-up QTc dispersion (>60 ms) associated with a 2-fold increased risk of cardiac death (HR: 2.5; 95% CI 1.6-4.0) and sudden cardiac death (HR: 1.9; 95% CI 1.0-3.7) and a 40% increased risk of total mortality (HR: 1.4; 95% CI 1.2-1.8).
Additional adjustment for potential confounders, including history of myocardial infarction, hypertension and overall QTc, did not materially change the risk estimates.
Elming et al. Relative risk ratios adjusted for age, gender, myocardial infarct, angina pectoris, diabetes mellitus, arterial hypertension, smoking habits, serum cholesterol level and heart rate Algra et al. [45] 6693 men and women (53% men) Middle-aged (median age ∼60 years) 2 years of follow-up In patients without evidence of cardiac dysfunction (history of symptoms of pump failure or an ejection fraction <40%), QTc (>440 ms) was associated with a 2.3 times higher risk of SD (RR 2.3, 95% CI 1.4, 3.9).
In patients with evidence of cardiac dysfunction, the RR was 1.0 (95% CI 0.5, 1.9). Adjustment for age, gender, history of myocardial infarction, heart rate and the use of drugs did not alter these relative risks.
Social Insurance Institution's Coronary Heart Disease study [13] .
5598 and 5119 men and women Age: 30-59 years 23-year follow-up Nomogram-corrected QT (QTn) interval prolongation associated with blood pressure and signs of CVD In men with heart disease, over 10% prolongation of QTnc predicted SD (RR: 2.17; 95% CI 0.67-7-45); total CV mortality (RR: 2.12; 95% CI 1-25-3.59); all-cause mortality (RR: 1-92; 95% CI 1.23-3.00).
In men without heart disease, no association detected with the exception of healthy men with a low heart rate in which QTnc predicted SD (RR: 2-75; 95% CI 1-00-7.40). Over 10% shortened QTnc predicted CV death in men with heart disease who smoked (RR: 3.72; 95% CI 1.45-9.54) Non-smoking men with short QTnc had low mortality risks irrespective of possible signs of CVD. The trends in mortality risks were similar but weaker for women.
Rotterdam study [46] . Though data on CKD patients are still limited and mainly based on the retrospective studies, it seems that QT interval abnormalities identify a subset of patients with a high CV vulnerability as described in the general population.
Conclusion
QT interval prolongation is a common finding among CKD patients. Furthermore, data suggest that a prolonged QT interval represents a marker of cardiac repolarization defects and is linked to the risk of cardiac arrhythmias and sudden cardiac death. Though, the pathophysiology of QT abnormalities is still largely obscure, data suggest that traditional and non-traditional CV risk factors are linked to QT interval abnormalities. Indeed, calcium and potassium channel remodelling of the heart due to concomitant CVD, such as ischaemic heart disease, extensive CAC, hypertension, left ventricular hypertrophy (LVH), heart failure and exposure to proarrhythmic drugs, may contribute to the QT interval prolongation in CKD. Furthermore, a large body of evidence supports the notion that the rapid transmembrane electrolyte shifts occurring during dialysis treatment also hamper the cardiac repolarization and increase the QT interval.
Considering that about a quarter of cardiac deaths are due to cardiac arrhythmias in CKD patients and the excessive proarrhythmic drugs to which CKD patients are exposed [23] , QT tract evaluation appears to be a simple in-office, non-invasive tool for CV assessment that provides additive prognostic information of use for treatment individualization in CKD patients.
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